Is U3Ni3Sny best described as near a quantum critical point?
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Abstract

Transport and thermodynamic measurements on U3gNizSny display many of the properties con-
sistent with a system near a zero-temperature magnetic/nonmagnetic phase boundary. The role
of any possible structural or magnetic disorder, however, remains unclear. Measurements of the
x-ray absorption fine structure (XAFS) on U3NigSny at the U Ly, Ni K and Sn K edges are
reported. Temperature dependent measurements were performed on polycrystal samples with var-
ious stoichiometries. Measurements at 20 K on single crystals are also reported. No evidence of
lattice disorder is observed, placing upper limits on the amount of possible lattice disorder in these
materials. These measurements rule out models with a relatively strong sensitiviety to disorder,
such as most variants of the Kondo disorder model, but do not rule out a more subtle dependence
of NFL behavior on lattice disorder. However, we also report measurements of the specific heat in
applied magnetic fields and of the sample magnetization scaling with temperature and applied field
that indicate the essential physics is not that of single-impurity interactions and that the system
is very close to a zero-temperature magnetic phase transition. Taken together with previous data,
this study provides yet more evidence that the physics of the UsNigSny system is best described

within the antiferromagnetic quantum critical point framework.

PACS numbers: 72.15.Qm, 61.10.Ht, 71.23.-k, 71.27.4+-a



I. INTRODUCTION

Us3NisSny displays characteristic non-Fermi liquid behavior (NFL). For instance, the low-
temperature magnetic susceptibility y diverges as T3, the Sommerfeld coefficient for the
electronic term in the specific heat v = C,;/T diverges as —T%°, and the resistivity changes
as T*™. Such behavior is at odds with the Fermi liquid (FL) description (x ~ Cg/T ~
const., Ap ~ T?) of Landau'® that is thought to apply to this system. This article attempts to
differentiate between the applicability of various possible theoretical models describing non-
Fermi liquid behavior in this system by searching for the presence of local lattice disorder,
how the FL/NFL crossover temperature is affected by applied magnetic fields, and how the
sample magnetization scales with applied field and temperature.

The various theoretical models describing NFL behavior fall into a few general classes,
including close proximity to a zero-temperature phase transition, competition between inter-
actions such as Ruderman-Kittel-Kasuya-Yosida (RKKY) and Kondo effects, single-impurity
verses non-single-impurity models, and those that include magnetic-interaction disorder. For
instance, non-Fermi liquid behavior in the high-temperature superconductors and in some of
the heavy fermion systems has been postulated to be due to the proximity of these systems
to a magnetic/nonmagnetic zero temperature phase transition.? We will refer to such models
as anti- or ferromagnetic quantum critical point (AF-QCP or (FM-QCP) models. Indeed,
most f-electron intermetallic NFL materials have been demonstrated to be near such a point,
manifest by driving the system into a magnetic phase with applied magnetic fields, pressure
or chemical substitution (chemical pressure).® Millis* and others®® have developed the the-
ory of critical fluctuations at temperatures above such a magnetic/non-magnetic quantum
critical point, building off earlier work by Hertz.® The presence of a nearby magnetic phase
is not necessary to obtain an NFL state, however. For instance, a multichannel Kondo
model!? also gives non-Fermi liquid behavior. In addition, even though these theories have
unique magnetic interaction strengths between the f and the conducting electrons, all of
the first materials identified that display NFL properties at ambient pressure also contain
some form of lattice disorder, usually in the form of chemical substitution. This raises
the possiblity that lattice disorder plays an important role. In fact, a broad distribution
of effective moments has been observed in several systems (for instance, CeRhRuSi,'' and

UPdCu4'?). These observations prompted researchers to consider the role of magnetic in-



teraction disorder as a microscopic origin for non-Fermi liquid effects. One simple theory
only utilizes the Fermi liquid concept of a distribution of Kondo interactions, and is known
as the Kondo disorder model (KDM).'?3 Other models that consider disorder in the vicin-
ity of a zero-temperature fixed point are known as Griffiths’ phase models (note that the
KDM is also a Griffiths’ phase model, but is not generally classified as such since the do-
main size is not a necessary component). These include the Griffiths’-McCoy singularities
that occur in a disordered Kondo system but whose properties are mostly derived from rare
clusters where antiferromagnetic RKKY interactions persist.'*'®> Another possible origin of
a Griffiths” phase occurs when disorder-induced Anderson localization occurs in the vicin-
ity of a metal-insulator transition.'® To clarify the discussion, we will refer to the former
model as the antiferromagnetic Griffiths’ phase, or AF-GP, and to the latter model as the
metal-insulator transition Griffiths’ phase, or MIT-GP.

Although many NFL materials exist that have some intrinsic disorder, apparently sup-
porting the disorder models of NFL behavior, a growing number of new materials have been
identified that appear to be stoichiometric, structurally well-ordered NFL systems at ambi-
ent pressure. Some examples include YbRh,Si,,'” CeNiyGe,,'® CeColns'® and UsNigSny.2°
Although some of the physical properties of these systems agree with those predicted by the
QCP model proposed by Millis, none of these materials display properties that universally
agree with it. In addition, it is difficult to uniquely differentiate measured behavior between
the “pure” QCP models and the Griffiths’ phase models, especially since the Griffiths’ mod-
els have critical exponents that depend on the degree of disorder that are, at this time,
impossible to relate to real measures of disorder.?! Such is the case for UsNizSny.

Careful consideration of the disorder-based and QCP models involves comparisons both
of electronic and magnetic properties to theory and thorough characterization of the degree
of structural and magnetic order of the samples. The U3NizSn, situation is complicated by
the fact that U3NizgSngs has been shown to have a Fermi liquid ground state below about
0.4-0.5 K, with NFL behavior occuring above this crossover region.?? Regardless, in the NFL
region, the electrical resistivity goes as Ap = p(T)—py ~ T+ 20 roughly consistent with the
AF-QCP result of Ap ~ T'® especially if one considers the possibility of Fermi liquid and
non-Fermi liquid regions. The magnetic susceptibility x diverges as T~%2, at odds with the
predictions of the AF-QCP result of T, potentially for similar reasons as the resistivity.

The electronic part of the specific heat diverges consistently with the AF-QCP result of



Co/T ~ —T%5. These results can all be self-consistently explained with a Griffiths-McCoy

1415 with a critical exponent of A = 0.7, producing only marginally worse fits to the

phase
data.?? These data are also qualitatively consistent with the two-channel Kondo model?326,
although this model then requires a very high spin-fluctuation energy.2’ Comparisons to the
KDM are not favorable for this material, since the KDM predicts logarithmic divergences
of the magnetic susceptibility and the specific heat and a linear temperature dependence
of the electrical resistivity, all of which are clearly at odds with the experimental data. In
addition, measurements at applied pressures up 1.8 GPa?" indicate that the FL ground state
extends to higher temperatures with increasing pressure. A scaling analysis of the FL/NFL
crossover temperature as a function of applied pressure strongly implying a negative-pressure
magnetic QCP, which has been estimated at —0.04 £ 0.04 GPa.

Although the measured properties of U3NisSn, do not easily differentiate between the
various NFL models (except for the KDM), there is little evidence to suggest that any
disorder exists in this system, apparently not supporting the Griffiths’ phase models. In
particular, single crystals of the material form, and x-ray diffraction studies of these crystals
show the material to be consistent with the nominal stoichiometry. Moreover, the residual
resistivity is reasonably low (7 uQcm?®). In spite of the evidence for structural order, some
forms of lattice disorder can be difficult to detect using standard diffraction techniques. For
instance, if disorder occurs in a non-periodic fashion, such as in glassy regions or very small
domains, only a local structural probe such as x-ray absorption fine-structure (XAFS) or
pair-distribution function (PDF) analysis of powder diffraction data will be sensitive to it.
In addition, no temperature dependent structural studies have been performed, and disorder
in the displacement parameters (Debye-Waller factors) can often be misinterpreted as due
to large vibrational amplitudes in such cases. Therefore, to continue to test the degree of
structural order in UsNizSny, we report below structural measurements using XAFS spec-
troscopy. Although the structure of UsNizSny limits the accuracy of the estimated maximal
disorder levels as detailed below, our measurements are consistent with no detectable dis-
order within experimental error, on both single crystals and polycrystals, from temperature
dependence and from all three absorption edges.

As implied above, merely having the lattice be (measurably) well ordered may not rule out
magnetic interaction disorder. Since the Griffiths’ phase models only require “rare” clusters

of competing interactions to form, one can only place upper limits on the possible sizes



of such clusters experimentally. In addition, some heretofore more subtle Kondo disorder
mechanism may still be applicable (for instance, if large fluctuations in the conduction
density of states accompanies fluctuations in the hybridization strength in the presence of
lattice disorder?®). Another dividing line between these theories is the presence of a low-
lying magnetic phase. To further test the applicability of these theories, one can infer the
presence of a low-lying AF phase transition by looking at changes in the FL/NFL crossover
temperature with applied field. Also, one can discriminate against simple single-impurity
physics as the root of the NFL behavior by measuring how the sample magnetization scales
with temperature and applied field. If the value of the scaling exponent is larger than unity,
one can definitively rule out the single impurity theories, such as the KDM (and any more
subtle variants) and the multichannel Kondo models. Single-impurity scaling would also
rule out the MIT-GP model as it is currently posed. However, once spin-spin interactions
are included, the model may no longer follow such scaling.

The rest of this paper is organized as follows. The XAFS measurements are described
in Sec. II, including a description of the sample preparation and the technique. Sec. III
relates the results from the measurements of specific heat and magnetization as a function
of temperature and applied field. These results are discussed in relation to the various NFL

theories in Sec. IV, and the final conclusions are summarized in Sec. V.

II. XAFS MEASUREMENTS
A. Background

U3NisSny crystallizes into a bee structure, in the I43d space group with the lattice pa-
rameter 9.3524 A and an z value of 0.082, which describes the Sn displacements (Fig. 1).%
Crystallographically, the structure is fairly simple, with a single site for each atomic species.
The local environments are quite a bit more complicated, although the nearest-neighbor
shells are fairly well separated. For instance, U has 4 nearest neighbor Ni’s at 2.86 A, fol-
lowed by 8 Sn neighbors at 3.24 A. Ni has 4 Sn neighbors at 2.61 A and 4 U neighbors
at 2.86 A. Sn has 3 Ni neighbors at 2.61 A, followed by 6 U neighbors at 3.24 and 3 Sn
neighbors at 3.50 A. (Fig. 2).



B. Experimental

Samples include three polycrystalline samples with nominal stoichiometries Us oNiz gSng g,
U 9Ni3 pSnz g, and UsgNis ;1Snz 9. Two single crystal samples were also measured with nom-
inal stoichiometries of Uz gNizgSny g and Uy gNis gSnz g, and are the same as those reported
in Ref. 20. All XAFS data were collected on beam lines 4-1 and 4-3 at the Stanford
Synchrotron Radiation Laboratory (SSRL) using half-tuned Si(220) double monochromator
crystals. Samples were placed into a LHe flow cryostat. Polycrystal samples were ground
into a fine powder under actetone, passed through a 40 pym sieve and brushed onto scotch
tape, with stacked layers corresponding to Aut =~ 1. Data for the polycrystals were collected
at various temperature between 20 K and 300 K at the U Lyj;, and Sn K edges in transmis-
sion mode, and at the Ni K edge in fluorescence mode using a 4-pixel Ge detector.?’. Single
crystal data were collected at 20 K at the U Ly;; and the Sn and Ni K edges in fluorescence
mode. Several scans were obtained for each sample at each edge and temperature, and were
fit separately to cross check the error estimates. Dead-time and self-absorption® corrections
were applied to the fluorescence data. Data were reduced and fit in r-space using the RSXAP
package.31733 In particular, the XAFS function x(k) is defined as pu(k)/ug(k) —1, where p(k)
is the absorption coefficient as a function of the wave vector k of the photoelectron, and

pi(k) is the so-called “embedded atom” background absorption that is proportional to the

number of generated photoelectrons. The wave vector is defined as k = 2;;;6 (E — Ey), and
the photoelectron threshold energy is defined arbitrarily as the energy at the half-height of
the edge, and is allowed to vary in subsequent fits. Examples of the kx(k) data are shown
in Fig. 3 for the polycrystal samples. Data on single crystals is similar, both in quality and
quantity.

Each data set was fit with a single value of the XAFS amplitude reduction factor SZ,
assuming full nominal site occupancies. This assumption places the effect of vacancies
on the Debye-Waller parameters. All scattering paths share a single value of E;. In the
case where multiple temperatures were collected, an average S3 and Ej, were obtained and
then held fixed for all temperatures for a given edge. Data on the single crystals were fit
with different S3 and E, than the polycrystal data, although no major differences were

observed. Reported error estimates use the larger of either a Monte Carlo estimate of the

1-standard deviation displacements (essentially equivalent to a covariance matrix without



having to assume that the statistical-x? is quadratic near its minimum), or the distribution
of parameters obtained by fitting the individual scans at each temperature. Reported errors
are generally consistent with those obtained from standard compounds, typically 0.005 A in
pair distance and 10-20% in o? for near neighbors, with the error roughly doubling after

about 3 A .32

C. Results

Fig.s 4 and 5 show the Fourier transforms (FT) of k*x (k). Peaks in the FT’s correspond
to pairs in the local structure, however, it must be noted that constructive/destructive
interference can occur (the functions are complex), the scattering profiles are not Gaussian,
and phase shifts occur that place the peaks at distance in the FT’s that are shorter than in the
structure by an amount related to the species of absorber and backscatterer. Transmission
data were collected out to a kp.x = 15 A, and fluorescence data were collected out to a
kmax = 13 A. Fig. 5 shows a proper comparison between the single and polycrystal data for
the Us¢Nis ¢Snyo samples with the same transform ranges.

There are visible differences between the various data sets for a given edge. In particular,
the polycrystal Uz gNiz1Snzg Ni and Sn edge data consistently show a reduced amplitude
compared to Us gNis ¢Sny o at all temperatures, consistent with some disorder or the presence
of an amorphous phase containing those elements. Although these differences are above the
signal to noise, it is not possible to discern the exact cause of the differences from the fit
results listed below. Differences between the polycrystal and the single crystal data (Fig.
5) are similar in magnitude, but complications with analyzing single crystal data, such as
dead-time and self-absorption corrections, are very likely the cause.

The basic procedure used here for searching for lattice disorder is to carry out fits assum-
ing the nominal structure, then examine certain parameters for signs of disorder. In the fits,
each distinct scattering shell in the nominal structure out to about 4.7 A is used at each
edge. The scattering amplitudes are all set to NSZ, where N is the nominal number of neigh-
bors in a given shell for the stoichiometric compound, and Sg is the XAFS amplitude scale
(reduction) factor. Each scattering pair is allowed to vary its pair distance (bond length), R
and its pair-distance distribution width , o? (the Debye-Waller factor). Applying all these

constraints drastically reduces the number of fit parameters, but assigns all the sources of



lattice disorder into either the measured bond lengths of the Debye-Waller factors.

Fit results to the data from the polycrystal samples are shown in Table I, and are com-
pared to results inferred from diffraction measurements. Fit quality is very high; examples
of the fit quality are shown in Fig. 6. Although all the polycrystal data were collected as
a function of temperature, we only show the fit results for the coldest measured temper-
ature. No significant changes in the fit parameters occur with temperature, except that

the Debye-Waller factors increase in a manner consistent with the correlated-Debye model3*

2

siatic- ouch offsets can be used as indicators for

plus a temperature-independent offset o

non-thermal disorder (a prime example occurs in the colossal magnetoresistance manganese

2

Zatic Values inconsistent with zero disorder. Re-

perovskites®?), but we see no evidence for o

sults for the correlated-Debye temperature ©.p and o2 ;. are shown in Table I. Note that

2
static

the preponderence of small, unphysically negative measurements of o are likely due to
small underestimates of S3.

Fit results to the single crystal data were found to be the same as results from the
polycrystal data, within the error estimates, and so are not reported here. No evidence for
lattice disorder is observed, as exemplified by the consistently low values of the nearest-
neighbor 0?’s for the low temperature fits.

Finally, the possiblity of site interchange, or site/anti-site disorder was also considered.
This possibility is very remote, however, given the big differences in the radii of the atoms
involved, except for Sn/U interchange (covalent radii are 1.42 A, 1.15 A, and 1.41 A for U,
Ni and Sn, respectively). Unfortunately, fitting the Sn and U XAFS data including some
U/Sn interchange gives only a broad result: s = 9 4+ 10%, where s is the percentage of Sn
sitting on U (12a) sites. Fits including U/Ni and Sn/Ni site interchange produced nearly
the same results. The principle difficuly in using XAFS to make this measurement is that
the local nearest-neighbor environments each have pair distances near ~2.7 A and then
near 3.2 A, that is, no new peaks would appear in these spectra if site interchange occurs.
This situation is in contrast to that in the UPdCuy system.?® In any case, the single crystal
diffraction results should not have produced such high quality fits?® if much more than 5%

of such interchange occurs.



III. FIELD-DEPENDENT MEASUREMENTS

The specific heat of a U3NizSn, single crystal was measured between 1.8 and 30 K in
applied magnetic fields up to 8 T using a Quantum Design PPMS. The specific heat data
is shown in Fig. 7, plotted as Cy/T versus T°°. Here we have already subtracted the
hyperfine and lattice contribution according to the specific heat data of UsNizSn, reported
previously.?? In zero applied magnetic field the data follow the C,;/T o T%5 behavior below
6 K indicative of non-Fermi liquid regime. Magnetic fields progressively depress the specific
heat so that Cg/T shows a deviation from square root behavior at lower temperatures. It
is expected that C,/T starts to be constant at temperatures lower than 1.8 K, reaching the
Fermi-liquid regime. These results strongly imply that applied fields take the system further
away from an antiferromagnetic critical point.

The magnetization was measured with a SQUID magnetometer at temperatures down to
1.8 K and in fields up to 7 T. These data are shown in Fig. 8. The magnetization data are
plotted to demonstrate that they can be scaled according to the phenomenological theory
of non-Fermi-liquid heavy-fermion alloys®':

H H

M= WF(Tﬂ‘F’Y)’

where 8 4+ v = 1.3. The magnetic field therefore has a scaling dimension greater than 1,

which is inconsistent with the single impurity models.

IV. DISCUSSION

Deviations from the nominal structure in the fit results can occur in a number of ways.
First, the measured S; amplitude reduction factors should be in a range that has been
experimentally measured before. This is, indeed, the case.??3% Second, we measure the
temperature dependence of the Debye-Waller factors, compare them to a correlated-Debye
model, and look for large offsets that can be interpreted as static (i.e. non-thermal) disorder
or distortions. In all cases, we see no abnormally large offsets. Third, the measured pair
distances should be reasonably close to those measured by diffraction, which is consistent
with our measurements (Table I). Fourth, we have considered various site-interchange pos-
siblities, such as U sitting on the (nominally) Sn (16¢) site. Although these fits are not

particularly sensistive to such interchanges, our measurements are consistent with no site



interchange. Finally, the results from the single crystal and the polycrystal samples are
virtually identical. Together with the single crystal diffraction data, we must conclude that
the U3Ni3Sn, system is structurally well ordered, and is much more ordered than, say, the
UPdCuy system.?>38 Although such crystalline order does not rule out some other source
of magnetic- interaction disorder that might be consistent with a Kondo disorder model or
a Griffiths phase model, it certainly rules out the most likely source. In addition, although
these structural studies cannot rule out the presence of small amounts of disorder, previous
work within a Kondo disorder model has shown that significantly more disorder would have
to be present for that model to work.3®

There are other requirements for an AF-QCP theory, of course. For one, the system must
be very near a magnetic/non-magnetic instability. Measurements under applied pressure
indicate this instability may exist at a small negative pressure, based on a scaling of the
resistivity behavior. We thus expect that if the magnetic phase is antiferromagnetic, an
applied magnetic field will also take one more toward a Fermi liquid regime. The data
presented in Fig. 7 indicate this system behaves exactly as one expects if the system is near
a magnetic/non-magnetic instability, and are therefore consistent with those that include
antiferromagnetism as a competing interaction.

Finally, the observation of a magnetization scaling exponent greater than unity rules
out the single-impurity-based theories (Fig. 8). These include the KDM, multichannel
Kondo, and the MIT-GP theories. The MIT-GP theory, however, could include spin-spin
interactions that were not included in the original calculations for simplicity, so it remains
to be seen how the magnetization will scale when such interactions are included.

Taking all these results together, we have ruled out the KDM and multichannel Kondo
theories, and partially ruled out the MIT-GP theory. The AF-QCP and the AF-GP theories
are still consistent with most of the data, however, there is no indication of any lattice
disorder in these materials, and so we must conclude that, currently, the best description of

all the available data is that of an antiferromagnetic quantum critical point.

V. CONCLUSION

In summary, we have measured the local structure around the constituent atoms in

U3NizSn, single and poly crystals as a function of temperature and stoichiometry. These data
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follow typical Debye model dependences in the measured pair-distance distribution widths
with no (non-thermal) offsets, as well as agreeing well with the average structure given by
previous single crystal diffraction studies.?’ In combination with these previous diffraction
studies and the relatively low residual resistivity, all the structural evidence indicates that
this system is structurally well ordered. We also report specific heat data that show a clear
recovery of Fermi liquid behavior under modest applied magnetic fields, indicating a proba-
ble “negative field” quantum critical point, consistent with work under applied pressure that
indicates a negative-pressure QCP. Finally, we show that the sample magnetization scales
with temperature and applied field with critical exponents that are inconsistent with single-
ion (Kondo) physics as the principle NFL mechanism. Taken together, these and all other
published results are inconsistent with any disorder-based models or other single-ion based
models, yet remain consistent with a system near a very low temperature, antiferromagnetic

magnetic instability, that is, an antiferromagnetic quantum critical point.
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FIG. 1: Crystal structure of UsNizSny. Black balls represent uranium, gray tin and white nickel.

The materials is bec with space group I43d and a=9.3524 A.
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FIG. 2: Local crystal structure from the (a) uranium, (b) nickel, and (c) tin sites. See Sec. ITA

for details.
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FIG. 3: XAFS data for the three polycrystal samples. Single crystal data is quantitatively similar.

Data from the various samples is very similar, and so is difficult to differentiate in the plot.
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FIG. 4: Fourier transforms of the k%y(k) XAFS data for the powder samples. U and Sn (trans-
mission) transforms are from k=3.0-15 A~!, while the Ni (fluorescence) transform is from 2.5-12.0

A1, all Gaussian narrowed by 0.3 A~
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FIG. 5: Fourier transforms of the k3y(k) XAFS data comparing the polycrystal and the single
crystal data for the nominally UsNisSng samples with consistent transform ranges. U and Sn
transforms are from k=3.0-13 A~! while the Ni transform is from 2.5-12.0 A=, all Gaussian

narrowed by 0.3 A1,
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FT of Ky(k)

FIG. 6: Examples of the fits to the (a) U Ly and the (b) Sn K polycrystal data. Each transform
is represented by three lines. The inner oscillating line is the real part of the complex transform,

while the envelope lines are + the amplitude of the transform. Vertical dotted lines show the

r-space fit range. Transform ranges are as in Fig. 4.
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C,/TU/K moleU)

FIG. 7: Cy/T as a function of T of U3Ni3Sny single crystal for B = 0, 2, 4, 6, 7, 8 T. The

straight line is a guide to the eye for the Cy/T ~ T%5 behavior.
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FIG. 8: The magnetization of UsNigSny as a function of applied field H and temperature. Data
are plotted as (M/H)T?3 vs. log(H/T'* to reveal scaling exponent.
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TABLE I: Final fit parameters to the U L, Ni K and Sn K edge data at 20 K on three polycrystal

samples of UsgNigSny with various nominal stoichiometries. U Ly edge fits have Sg =0.73 £0.06

and AFEy =

—10.3 £0.4. Ni K edge fits are from 2.5 to 13.0 A~! (Gausian narrowed by 0.3 A~1)

and from 1.4 to 5.0 A, and have S?2 = 0.64 £ 0.04 and AEy = —0.5+0.5. Sn K edge fits have

S5

=0.95+0.06 and AE, =

—8.3 £ 0.1. Diffraction data is provided for comparison (Rgi) and is

from Ref. 20 on a single crystal sample of U3NizSny collected at room temperature.

UsNizgSng U2.9Ni3.0Sn3.9 Us.0Ni3.15n3.9
pair N Rgig R o? Taatic Ocp R o’ Tihatic Ocp R o® Totatic Ocp
U-Ni 4 2.864 2.848(3) 0.0018(2) -0.0009(4) 252(5) 2.848(4) 0.0019(4) -0.0004(5) 282(2) 2.848(3) 0.0019(2) -0.0005(5) 259(4)
U-Sn 8 3.237 3.228(2) 0.0011(2) -0.0006(3) 241(1) 3.226(4) 0.0009(2) -0.0009(3) 231(1) 3.226(3) 0.0009(2) -0.0007(3) 233(1)
U-U 8 4.374 4.36(1) 0.0016(3) -0.0005(3) 164(6) 4.355(5) 0.0014(2) -0.0005(3) 173(2) 4.355(3) 0.0014(2) -0.0000(3) 169(3)
U-Ni 2 4.676 4.67(1) 0.0015(3) 4.67(1) 0.0022(6) 4.67(1) 0.0022(4)
Sn-Ni 3 2.609 2.604(3) 0.003(1) 0.001(1) 420(15) 2.597(3) 0.0027(2) -0.0003(2) 349(4) 2.599(3) 0.0027(2) 0.0008(3) 359(3)
Sn-U 6 3.237 3.223(5) 0.0006(4) -0.0017(5) 202(12) 3.232(7) 0.0016(2) -0.0004(2) 246(2) 3.228(3) 0.0012(2) -0.0004(2) 273(5)
Sn-Sn 3 3.497 3.50(3) 0.003(3) -0.003(3) 172(17) 3.500(4) 0.004(1) -0.000(1) 245(6) 3.496(3) 0.0017(5) -0.0001(6) 250(20)
Sn-Sn 2 4.050 3.98(3) 0.003(3) 4.03(1)  0.01(1) 4.02(1) 0.0024(7)
Sn-Ni 3 4.232 4.25(3) 0.002(1) 4.16(5)  0.01(1) 4.22(1)  0.005(2)
Sn-Sn 6 4.594 4.60(3) 0.002(1) 4.598(4) 0.0034(3) 4.596(3) 0.0023(2)
Ni-Sn 3 2.609 2.588(4) 0.0017(4) -0.0004(5) 347(10) 2.585(6) 0.0014(3) -0.0007(3) 334(10) 2.587(4) 0.0017(6) 0.0003(6) 353(4)
Ni-U 3 2.864 2.850(6) 0.0028(6) 0.0003(7) 252(7) 2.850(8) 0.0023(5) -0.0005(5) 234(7) 2.853(6) 0.002(1) -0.0005(9) 234(4)
Ni-Sn 3 4.231 4.24(1) 0.0005(9) 4.26(1) 0.000(2) 4.25(2)  0.004(3)
Ni-Ni 3 4.374 4.35(1) 0.001(1) 4.35(1)  0.000(1) 4.37(1)  0.001(2)
Ni-U 3 4.676 4.70(5) 0.005(7) 4.70(3)  0.003(4) 4.70(3)  0.003(2)
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